Metal-nitrogen-carbon materials comprising iron or cobalt (Me-N-C) have demonstrated high beginning-of-life activity for the oxygen reduction reaction (ORR), challenging platinum-based catalysts in polymer electrolyte membrane fuel cells (PEMFCs). [1] [2] [3] However, they persistently show decaying electrochemical properties during operation. 4, 5 While some studies have reported a steady current density during operation in PEMFC at low electrochemical potential, where the cathode is limited by kinetics and mass-transport, final polarization curves have recurrently revealed a lowered ORR activity of Me-N-C catalysts. 2 Therefore, the poor stability of non-precious metal catalysts in PEMFC operation is a major issue impeding their industrial application. The underlying degradation or deactivation mechanisms are still unclear. Proposed mechanisms include corrosion of the active sites themselves or of the surrounding carbon structure, [6] [7] [8] [9] or lowered utilization of active sites by (micro)pore flooding. 4 Another explanation is based on the modification of Me-N-C catalysts by H 2 O 2 , produced in operando as an ORR by-product. This degradation mechanism has been proven ex situ with controlled amounts of peroxide. 7, 10 While Me-N-C catalysts have low activity toward H 2 O 2 electroreduction, metallic platinum is an excellent catalyst. [11] [12] [13] The prospect of improving the in operando stability of Me-N-C catalysts through functionalization with minute amounts of platinum is appealing. In previous studies on Pt/Me-N-C hybrid catalysts however, the major part of their ORR activity stemmed from metallic platinum, impeding the evaluation of the hypothetical stabilization of Fe(Co)-based active sites by platinum. [14] [15] [16] [17] [18] In contrast to previous studies, the present Pt/Fe-N-C hybrid materials comprise partially oxidized platinum that is ORR-inactive, as will be shown later. This allowed us to assess the effect of such particles on the stability of Pt/Fe-N-C cathodes during PEMFC operation.
Experimental
Synthesis of the catalysts.-Fe 1.0 d was synthesized via a dry ballmilling approach from a Zn(II) zeolitic imidazolate framework (ZnN 4 C 8 H 12 , Basolite Z1200 from BASF, labelled ZIF-8), Fe(II) acetate (FeAc), and 1,10-phenanthroline (phen). 800 mg of ZIF-8, 200 mg of phen, and 31.5 mg of FeAc were weighted and the dry powders were poured into a ZrO 2 crucible. Consequently, the catalyst precursor contained 1 wt% of metal and the mass ratio of phenanthroline to ZIF-8 was 20/80. Then, 100 ZrO 2 balls of 5 mm diameter were added and the crucible was sealed in air and placed in a planetary ball-miller (FRITSCH Pulverisette 7 Premium) to undergo 4 cycles of 30 min of ballmilling at 400 rpm. The resulting catalyst precursor was pyrolyzed at 1050
• C in Ar for 1 h. For functionalization of Fe 1.0 d by Pt nanoparticles, 300 mg of Fe 1.0 d was impregnated with a Pt-salt (Pt(NH 3 ) 4 Cl 2 ·H 2 O, 99%, Interchim) dissolved in H 2 O. For all hybrid catalysts, a fixed aliquot of 550 μL was dropped stepwise in 100 μL steps onto the catalyst powder, while the mixture was ground in between the additions. The sample has a slightly muddy character after the impregnation, showing the complete filling of the pores of Fe 1.0 d. In order to reach the targeted Pt-concentrations (0.5, 1.0, or 2.0 wt%), the concentration of the Pt salt solution was adjusted (i.e. 19.7 mg/mL for 2 wt%, 9.9 mg/mL for 1 wt%, and 4.9 mg/mL for 0.5 wt%). The impregnated sample was then dried for 2 h in an oven at 80
• C under air. The dry powder was introduced into a tube furnace with a quartz boat, and heated under N 2 atmosphere from 300
• C to 560
• C at a rate of 4
• C · min −1 . The gas was then switched from N 2 to 5% H 2 /N 2 atmosphere for 2 h at 560
• C. After the dwell time, the tube was removed from the oven and cooled down naturally under N 2 atmosphere. The three hybrid catalysts are labeled Pt x Fe 1.0 d, with x = 0.5, 1.0 or 2.0 wt% Pt, corresponding to the theoretical calculated values of the Pt content in the final catalyst. This can be expected to be the maximal possible Pt content, due to losses by hydration of the Pt salt or during the preparation. In a control sample with nominally 2 wt% Pt a final Pt content of 1.7 ± 0.2 wt% Pt was found with ICP-MS, i.e. the real Pt content can be estimated to be about 15% lower than the theoretical value. For comparison, a sample without the Pt impregnation step but with the subsequent thermal treatment in 5% H 2 /N 2 was prepared and is labelled H 2 -Fe 1.0 d. Physical characterization.-N 2 sorption characterization was performed with automatic volumetric adsorption equipment (Micromeritics, Tristar). The samples were degassed at 100
• C under vacuum for at least 8 h prior to the measurement in order to remove any guest molecules and/or adsorbed moisture. The total specific surface area was determined by the multipoint Brunauer-Emmett-Teller (BET) method. The scanning electron microscope was Hitachi S-4800 (Hitachi, Tokyo, Japan). The images were recorded after gold metallization of the sample. The utilized transmission electron microscope was a JEOL 2200FS with a 200 kV field-emission electron gun. The maximum point resolution is 0.23 nm utilizing a CCD Gatan USC 4090 × 4092 px 2 detector. The integrated energy-dispersive X-ray spectroscopy (EDS) has an energy resolution of 129 eV.
X-ray absorption spectra at the Pt L 3 -edge were recorded at room temperature at SAMBA beamline (Synchrotron SOLEIL). The beamline is equipped with a sagittal focusing Si 220 monochromator and two Pd-coated mirrors that were used to remove X-rays harmonics. Either catalyst powders or non-hot-pressed cathodes, prepared as described in the fuel cell Methods section, were examined. The latter were characterized before and after the fuel cell stability test. The spectra were recorded in fluorescence mode. A reference metallic Pt-foil (Goodfellow, PT000210, 99.95%) was used for energy calibration. 57 Fe Mössbauer spectra were measured with a 57 Co: Rh source. The experiments were conducted at room temperature. The spectrometer was operated with a triangular velocity waveform, and a NaI scintillation detector was used for the detection of the γ rays. Velocity calibration was performed with a Fe-foil. The spectra were fitted individually with appropriate combinations of Lorentzian lines.
X-ray photoelectron spectroscopy (XPS) was performed with an ESCALAB 250, ThermoElectron. The source was a monochromatic Al K α source (1486.6 eV) with an energy resolution of 0.3 eV. The measurement spot had a size of 400 μm. All spectra were calibrated with the C 1s energy of the C-C bond at 284.8 eV. The spectra were fitted using Casa XPS software.
Rotating disc electrode measurements.-A Pine MSR Electrode Rotator was utilized with a RDE/RRDE precision shaft and glassy carbon tips. For Fe 1.0 d and all H 2 -treated catalysts, an ink with 10 mg catalyst, 108.4 μL Nafion solution (5 wt%, Sigma Aldrich), 300 μL ethanol (99%, API France), and 36.5 μL ultrapure water (>18 M , Elga Classic DI system) was prepared. The ink was ultrasonicated for at least 30 min. Finally, 7 μL of this ink were deposited onto a glassy carbon disk with a diameter of 5 mm leading to a catalyst loading of 800 μg cm −2 . As a reference, 4 mg of a 5wt% Pt/C catalyst, supplied by Johnson Matthey, was mixed with 6 mg of Fe 1.0 d, consequently comprising the same amount of Pt as Pt 2.0 Fe 1.0 d, but 40% less Fe-based active sites. The ink and catalyst layer were prepared as described above, therefore resulting in a similar layer thickness. The prepared tips are then immersed into 0.1 M HClO 4 (prepared from 70% HClO 4 , Merck, and ultrapure water) in a glass cell with graphite as counter electrode, and a platinum wire in a separate compartment, saturated with H 2 , as a reversible hydrogen electrode (RHE). The potentiostat utilized was a VersaStat 3, Princeton Applied Research. The rotation rate was set to 1600 rpm for all measurements. 20 cyclic voltammogramms (CVs) between 0.05 and 1.1 V RHE were applied for cleaning. Subsequently, CVs were recorded with 10 mV s −1 in N 2 or O 2 saturated electrolyte between 0.2 and 1.0 V RHE , and the curves recorded in N 2 were subtracted from the ORR curves to correct for non-faradaic and adsorption/desorption processes on the surface. Additionally, the iR-resistance of 20 was compensated during the measurement. For the Pt/C benchmark catalyst (46 wt% Pt, Tanaka), 1.4 mg were dispersed in 3 mL ultrapure water by ultrasonic treatment, and 20 μL were deposited onto the glassy carbon tip and dried in air. This leads to a loading of 20 μg Pt cm −2 . After cleaning cycles, the ORR polarization curve was recorded with 50 mV s −1 scan between 0.05 and 1.1 V RHE . For all Fe-based catalysts the negative-going sweep is shown, while for Pt/C the positive-going sweep was selected to avoid influences by Pt-oxide formation. Fuel cell measurements.-The utilized fuel cell test bench was built in-house. The single-cell fuel cell had graphite serpentine flow fields (Fuel Cell Technologies Inc.) and for the measurements a Biologic potentiostat with a 50 A load and EC-Lab software was used. The membrane electrode assemblies were pressed between the flow fields with a torque of 10 Nm under a compression of 25%, with Teflon-masks as separators. The fuel cell temperature was set to 80
• C and the humidifiers were set to 85
• C to obtain 100% relative humidity. For preparation of the cathode, 20 mg of catalyst were dispersed in 652 μL Nafion solution (5 wt% Nafion solution, density of 0.874), 326 μL ethanol and 272 μL ultrapure water and ultrasonicated for 1 h. The ink was then deposited in three steps onto a 4.84 cm 2 gas diffusion layer (GDL, Sigracet S10-BC) for a total catalyst loading of 4 mg cm −2 . The cathode was dried in a vacuum oven at 80
• C for 2 h. The resulting ratio of dry Nafion ionomer to catalyst is 1.42. As the anode the same GDL but pre-loaded with 0.5 mg Pt cm −2 was used. The electrodes were hot-pressed onto a Nafion NRE-211 membrane at 130
• C for 2 min. For post mortem analysis of the cathodes, for those experiments only the anode and membrane were hot-pressed. In situ CO-stripping was performed at the Technical University of Munich in another fuel cell test station (Fuel Cell Technology Hardware, Gamry potentiostat with load bank, software by Greenlight). The same MEAs as described before were utilized. For the CO-stripping procedure, the cell temperature was decreased to 40
• C. CO was flowed through the system (50 sccm) for 5 min at a constant potential of 0.06 V in order to adsorb CO molecules on any present metallic Pt species in the catalyst material. Subsequently, the system was purged again with N 2 to avoid CO oxidation from the gas phase. During the N 2 purge of 25 min the potential remained constant at 0.06 V. In the subsequent cyclic voltammogram under nitrogen flow (5 sccm) with 50 mV s −1 in the potential window between 0.05 and 1.1 V RHE , adsorbed COmolecules on a Pt surface are oxidized during the anodic (positive) sweep. In a subsequent scan, no further CO oxidation can be expected and this is labelled as the blank measurement. Table I . Fitted parameters and relative absorption areas of spectral components derived from the analysis of the Mössbauer spectra shown in Figure 3 . The errors for the relative absorption areas are ± 5% for the doublets and γ-Fe, and ± 1% for α-Fe. (Table S1 ). These changes are assigned to the thermal treatment in 5% H 2 , forming new pores in the substrate used, namely (Figure 3 ). The analysis of the spectra reveals a sextet and a singlet assigned to α-Fe and γ-Fe, respectively, and two quadrupole doublets D1 and D2 (Table I) . The latter are assigned to FeN x C y moieties in low and medium spin states, the most active sites in Fe-N-C materials. 19, 20 The slightly higher contents of α-Fe and γ-Fe in the H 2 -treated samples (H 2 Fe 1.0 d and all hybrid catalysts, Table I ) can be explained on the basis of the partial etching of carbon by H 2 during the thermal treatment in 5% H 2 . This leads to the formation of novel or longer micropores, but also to the transformation of a small fraction of FeN 4 C y moieties into metallic iron. 21 Since the parameters for D1 and D2 did however not change significantly by neither the H 2 treatment or combined Pt deposition and H 2 treatment, we conclude that the coordination of the To investigate the platinum oxidation state, the catalysts were further analyzed by X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge structure spectroscopy (XANES). The XPS Pt 4f narrow scans for Pt 0. Figure 4 . In all three hybrid catalysts, more than 50% of the platinum atoms detected by XPS are oxidized (Pt 2+ and Pt 4+ ), and the fraction of oxidized platinum increases with decreasing platinum content. In comparison to other reports on the Pt oxidation state in Pt nanoparticles supported on different supports, the fraction of oxidized Pt in the present Pt x Fe 1.0 d hybrid catalysts seems higher than could be expected from the Pt particle size (Table S2) . 18, 22, 24, 25 This suggests that the oxidation of the present Pt particles must affect more than the surface monolayer. This trend is confirmed by XANES, which shows a shift of the Pt L 3 absorption edge to higher energy with decreasing platinum content ( Figure 5) . Also, the white line intensity, correlated with the average oxidation degree, is more intense in the spectra of the hybrid materials relative to the reference Pt foil. 26 However, it needs to be pointed out that this does not necessarily indicate a Pt-oxide. Pt can also be oxidized in other chemical compounds, as for example in Pt-nitrides. 27, 28 ORR and H 2 O 2 reduction activity measurements.-The ORR activity was first determined with rotating disc electrode (RDE) measurements. The activity of Fe 1.0 d (thin solid black curve in Figure 6a ) is comparable to that previously reported. 29 The baseline H 2 Fe 1.0 d material (red curve in Figure 6a ) shows a circa three-fold higher activity than Fe 1.0 d, which is assigned to its higher microporous area ( Figure 1 and Table S1) . Surprisingly, the three hybrid materials show an ORR-activity very similar to that of H 2 Fe 1.0 d (Figure 6a , gray curves), indicating that platinum in these catalysts has no significant ORR-activity relative to the activity of H 2 Fe 1.0 d. This is also in line with XPS results, showing a high fraction of oxidized Pt (Table S2) . A second indication for the lack of, or very low, ORR activity of Pt in the present hybrid catalysts is the 20 times higher kinetic current at 0.9 V of a benchmark 46%Pt/C catalyst ( Figure 7 ). This 20 times higher activity is observed despite similar platinum loading on the glassy carbon tip for both catalysts (20 and 16 μg Pt cm −2 ). The higher content of carbon in Pt 2.0 Fe 1.0 d relative to 46%Pt/C, however, results in a thicker layer. To account for the possible thickness influence, we physically mixed 5%Pt/C (ORR-active Pt supported on carbon) with appropriate amounts of Fe 1.0 d to achieve 2 wt% Pt in the mixed material (labelled as 2%Pt/(C+Fe 1.0 d)). Such a mixed layer shows, at a Pt loading of 16 μg Pt cm −2 and with similar thickness (equal To investigate the surface state of platinum in selected hybrid materials in electrochemical conditions, cyclic voltammetry was utilized to probe the hydrogen underpotential deposition (H upd ). In Figure 6b 12 The complete absence of H upd -features in the CV of Pt 2.0 Fe 1.0 d supports the assumption that the platinum surface is either not in contact with the electrolyte or is irreversibly oxidized. As Pt-oxides should be reduced at low potentials, a simple Pt-oxide layer cannot account for the observations. In both hypotheses, the absence of an electrochemically-accessible metallic platinum surface could explain the low or lack of ORR-activity of platinum in the present hybrid materials. In another RDE experiment, the activity of the hybrid materials toward hydrogen-peroxide reduction (HPR) was measured. No significant improvement of the HPR activity was observed for Pt 1 hypotheses, since the onset of HPR on state-of-the-art Pt/C catalysts coincides with the onset for the reduction of reversibly-oxidized platinum.
Results
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Characterization in fuel cell.-The present synthesis approach for hybrid Pt/Fe-N-C materials might, at this stage, appear unsuccessful, platinum being inactive toward ORR and HPR. Astonishingly, we show below that this inactive platinum performs the function that was initially intended, namely stabilizing the Fe-based active sites during steady-state operation in PEMFC. Similar initial activity at 0.8 V RHE in PEMFC is observed for all three Pt/Fe-N-C hybrid materials and Fe 1.0 d (inset of Figure 9a and Figure S2 ). In order to investigate the stability under operation, we applied a cell voltage of 0.5 V for 50 h and recorded the current over time (Figure 9b ). Fe 1.0 d and H 2 Fe 1.0 d behave similarly, showing a slight increase in performance at 0.5 V over the first 5 h, assigned to improved mass-transport, followed by a linear decrease of the current density with time beyond 5 h. This behavior is well known for Fe-N-C catalysts prepared from ZIF-8 and pyrolyzed in inert atmosphere, even for materials without any inactive Fe-particles, excluding activation by removal of those. 31, 32 Pt 0.5 Fe 1.0 d shows a curbed decay of the current density with time, while the current is fully stable with Pt 1.0 Fe 1.0 d. The test was successfully extended to 180 h for Pt 2.0 Fe 1.0 d (Figure 10 ). Figure 9a and Figure S2 compare the complete polarization curves from 0.3 to 1.0 V and mass activities at 0.8 V, measured before and after the 50 h potentiostatic experiment. For Pt 1.0 Fe 1.0 d, the current density is either sustained (E > 0.8 V, kinetic region) or even increased (E < 0.8 V, kinetic and mass-transport control). For Fe 1.0 d, in contrast, the current density at any potential above 0.5 V became lower after 50 h potential control. In particular, the final activity at 0.8 V is only 25% of the initial value (Figure 2c, inset) . Since fuel cell efficiency scales with the ratio E/1.23 V, only stable currents at E > 0.6 V are technologically relevant. 33 The key question, which naturally arises from these results, is related to the origin of the ORR activity at the end of the 50 h potentiostatic control. Were the Fe-based active sites really stabilized during fuel cell operation, while platinum remained catalytically inactive? Or did the Fe-based active sites degrade as observed with Possible Fe-coordination changes were investigated with 57 Fe Mössbauer spectroscopy. The same cathode was characterized before and after the 0.5 V potentiostatic control in PEMFC, enabling us qualitatively and quantitatively comparing the signal of each type of Fe-species. Figure 11a reports the Mössbauer spectra for pristine cathodes of Fe 1.0 d and Pt 1.0 Fe 1.0 d before and after operation in PEMFC at 0.5 V for 50 h. To accurately fit the spectra recorded after 50 h PEMFC operation, a third doublet labelled D1 * was introduced, having an isomer shift (IS) similar to D1, but a slightly lower quadrupole splitting (QS) value (Table S3) . D1
* was assigned to a Fe II N 4 moiety in slightly modified environment relative to D1 (see supporting information text). The column diagram in Figure 11b signal intensity summed on all three doublets slightly increased from 78 to 83%. While the decrease from 89 to 61% may at first sight seem not proportionally related to the decrease in ORR activity (divided by ca 4, Figure 9a ), one must keep in mind that Mössbauer spectroscopy is a bulk technique while ORR activity is only related to Fe-sites located on the top surface. Thus, if a significant fraction of FeN 4 C y moieties are not on the surface, the decrease from 89 to 61% may imply a much higher % loss than −28% of the surface Fe active sites. Alternatively, most of the surface Fe sites may still be present after operation, and in this case the results imply that the Lamb-Mössbauer factors of the surface Fe sites in Fe 1.0 d were significantly modified as a result of PEMFC operation. Due to their covalent integration in the carbon matrix, the Lamb-Mössbauer factors of such moieties could be affected by changes in the carbon morphology or chemistry (more oxygen groups) immediately surrounding the FeN 4 C y active sites. Independently from the difficulty in fully interpreting these spectroscopic results, the Mössbauer study unambiguously reveals that the Fe-based active sites in Pt 1.0 Fe 1.0 d were much less modified after PEMFC operation than those in Fe 1.0 d, also supporting the protective role of ORR-inactive Pt during PEMFC operation. Figure 11c shows the Pt L 3 -edge XANES spectra of Pt 1.0 Fe 1.0 d before and after 50 h potentiostatic control at 0.5 V in PEMFC. The spectra fully overlap, indicating that the oxidation state and coordination of platinum did not change during PEMFC operation. Even more conclusive, electrochemical CO-stripping experiment was performed in PEMFC before and after the 0.5 V potentiostatic control (Figure 11d ). Carbon monoxide strongly adsorbs on metallic Pt, a phenomenon routinely used to determine the surface area of Ptbased electrocatalysts by electrochemical CO oxidation. No carbon monoxide signal was however detected on Pt 1.0 Fe 1.0 d before and even after PEMFC operation, indicating that platinum initially was and also remained non-metallic, i.e. irreversibly oxidized and therefore ORR-inactive. To verify that a strong CO-signal would be measured at an equally low Pt loading (i.e. 40 μg Pt · cm −2 ) but on a cathode comprising ORR-active Pt nanoparticles, we performed a reference CO-stripping measurement with a 5%Pt/C catalyst ( Figure S4 ). An intense CO oxidation peak was observed with onset potential of 0.7 V RHE as expected. These results unambiguously demonstrate that the Pt nanoparticles in the hybrid catalyst Pt 1.0 Fe 1.0 d were not active initially and did not activate within the 50 h potentiostatic period. Thus, both the initial and final ORR activities in Pt 1.0 Fe 1.0 d can be assigned to Fe-based active sites.
Conclusions
Extensive initial and post experiment characterization of the catalysts and PEMFC electrodes before and after fuel cell operation at 0.5 V for 50 h imply that the platinum surface is initially irreversibly oxidized, although not necessary as an oxide, in the hybrid Pt/Fe-N-C catalysts of the present study. The irreversibly-oxidized Pt surface is catalytically inactive toward ORR and HPR. It however stabilizes the Fe-based active sites during operation in PEMFC at 0.5 V, with fully sustained activity at 0.8 V after 180 h, for Pt content ≥1 wt%.
Currently, the detailed structure of the present Pt-particles and the mechanism through which they protect the Fe-based active sites are still unclear. Resolving these questions will require further investigation. Since H 2 O 2 or reactive oxygen species (ROS) generated on Fesites likely play a critical role in the degradation mechanism of Fe-N-C cathodes during operation, we postulate that the oxidized Pt-surface acts as peroxide or ROS scavenger. Currently, we can exclude that H 2 O 2 itself interacts with the oxidized Pt-surface, as we detected no enhanced electroreduction of H 2 O 2 . However, an oxidized Pt surface might chemically scavenge peroxide or ROS. Although the overall ORR activity of the present hybrid Pt/Fe-N-C catalysts normalized to the Pt mass is not yet ground-breaking, the observation that Febased active sites can be independently stabilized during operation by a second compound introduces a completely new approach to solving the stability issue of Fe-based active centers. This greatly simplifies the otherwise complex goal of forming operationally-stable and at the same time active non-PGM-based active sites. Instead, the optimization of activity and stability are effectively decoupled in the present hybrid catalysts. Ultimately, the Pt-compound might be replaced by a non-precious species that can perform the same stabilization task, to achieve active and stable non-precious-metal cathodes for PEMFC.
